Omega-6 (n-6) and omega-3 (n-3) polyunsaturated fatty acids (PUFAs) are essential nutrients for normal brain development. The principal dietary n-6 and n-3 PUFAs are linoleic acid (LA) and α-linolenic acid (ALA), respectively, We have previously shown that maternal dietary imbalance between these PUFAs, i.e., rich in LA and poor in ALA, affected brain development and increased anxiety-related behavior in the mouse offspring. Here we further addressed sex difference in anxiety-related behavior in the offspring exposed to maternal LA:ALA imbalance. We fed pregnant mice a LA excess/ALA deficient (LA ex /ALA def ) diet, and raised their offspring on a well-balanced LA:ALA diet from an early lactation period. When the offspring were grown to adulthood, they were subjected to behavioral and biochemical analyses. We found that both male and female offspring exposed to the LA ex /ALA def diet showed increased anxiety-related behavior compared to those exposed to the control diet, which was differently observed between the sexes. The female offspring also exhibited hyperactivity by maternal intake of the LA ex /ALA def diet. On the other hand, abnormal depressive behavior was undetected in both sexes. We also found that the ratio of n-6 to n-3 PUFAs in the brain was unaffected regardless of maternal diet or offspring's sex. Since the n-6/n-3 ratio is known to influence emotional behavior, it is reasonable to assume that LA:ALA imbalance exposed during brain development is the key for causing enhanced anxiety in adulthood. The present study indicates that maternal dietary imbalance between LA and ALA increases offspring's anxiety-related behavior with a sex-dependent manner.
Introduction
Polyunsaturated fatty acids (PUFAs) are nutritional components that are essential for normal brain development (Coti Bertrand et al. 2006; Katakura et al. 2009; Sakayori et al. 2011 ) and function (Carlson et al. 1993; Ryan et al. 2010) . PUFAs include omega-6 (n-6) and omega-3 (n-3), and the most principal ones in a diet are linoleic acid (18:2n-6, LA) and α-linolenic acid (18:3n-3, ALA), respectively (Elmadfa and Kornsteiner 2009) . In many countries, the intake of seed oils, including safflower and soybean oils (which are rich in LA), and that of fish (which are rich in n-3 PUFAs) have been increased and decreased, respectively (Blasbalg et al. 2011; Simopoulos et al. 2011) . Such a LA excess/ALA deficient (LA ex /ALA def ) dietary condition is suggested to cause various diseases (Simopoulos 2002) .
Emotional state is influenced, at least partially, by a diet. n-3 PUFA-deficiency has been associated with the increased risk of mood and anxiety disorders in humans (Jacka et al. 2013) , and increased n-6 PUFAs and decreased n-3 PUFAs in the brain results in abnormal depressive and anxiety-related behaviors in rodents (Lafourcade et al. 2011; Yamada et al. 2014) . Importantly, the intake of n-3 PUFAs reduces the risk of depression in females (Colangelo et al. 2009) , and females are diagnosed with depression twice as often as males (Kessler et al. 1993) ; however, little attention is paid to sex difference in the effect of dietary imbalance between LA and ALA on emotional develop-ment.
We have recently shown that maternal consumption of a LA ex /ALA def diet caused abnormal brain development and increased anxiety-related behavior in the mouse offspring (Sakayori et al. 2016) . However, it is still unknown whether such maternal dietary imbalance causes different behavioral consequences between the male and female offspring and whether such offspring also show abnormal depressive behavior. In the present study, we addressed anxiety-related and depressive behaviors in the male and female offspring exposed to the LA ex /ALA def condition during brain development. We report that maternal LA:ALA imbalance induced different emotional consequences between the male and female offspring. Overall, this study provides potentially important insights into how a diet affects emotional development.
Materials and Methods

Animals
Wild-type C57BL/6N mice were obtained from Clea Japan (Tokyo, Japan), and were housed at the Tohoku University School of Medicine. Food and water were available ad libitum. All animal experiments were performed in accordance with the National Institutes of Health Guidelines for the Care and Use of Laboratory Animals, and were approved by the Committee for Animal Experimentation in Tohoku University (#2013MED-114).
Diets
Virgin female mice at 11 weeks of age were fed one of two semi-purified diets, a control diet or a LA ex /ALA def diet (Coti Bertrand et al. 2006) . Each diet contained a canola oil or a safflower oil, respectively, as a source of lipids. Fatty acid composition of each diet was shown in Table 1 . Regarding intake of oleic acid, which was abundant in the control diet, our previous study has shown that maternal intake of the control diet did not increase the level of oleic acid in the embryonic brain compared to that of the LA ex /ALA def diet (Sakayori et al. 2016) , suggesting that oleic acid in these diets did not have important roles in brain development. After two weeks, mice were mated, and pregnant mice were maintained on their respective diet through gestation and the first 10 days of lactation. Thereafter, mother mice were fed the AIN-93G diet (Reeves et al. 1993 ) (Oriental Yeast, Tokyo, Japan) during lactation, and after weaning, the offspring were directly fed the AIN-93M diet (Reeves et al. 1993 ) (Oriental Yeast).
Behavioral tests
The offspring at 13-15 weeks of age were subjected to behavioral tests with following order. Each test was performed between 10:00 a.m. and 6:00 p.m. (one test per day) .
The open field test, which evaluates locomotor activity and anxiety-related behavior, was conducted with the apparatus consisting of a transparent floor (50 cm × 50 cm) with 30-cm-high black walls. The floor was divided into the center zone (the central 30 cm × 30 cm) and the peripheral zone (the other area) under 1,160 lx brightness. Each mouse was placed in the center of the open field and recorded its free exploration trajectory for 10 min using a video tracking system (ANY-maze; Stoelting, Wood Dale, IL). The time spent in the center zone, the number of entries into the center zone, and the total distance traveled were measured.
The elevated plus maze test, which evaluates locomotor activity and anxiety-related behavior, was conducted with the apparatus consisting of a plus-shaped maze elevated 47 cm above the floor, containing two opposing open arms (30 cm × 5 cm each) with a 1-cm-high clear Plexiglas edge surrounded the arms to prevent falls and two opposing arms enclosed by 30-cm-high walls with an open top. Each mouse was placed in the center of the maze facing the open arm and recorded its free exploration trajectory for 5 min using a video tracking system (ANY-maze; Stoelting). The times spent in the open and closed arms and the total distance traveled were measured.
For the Porsolt forced swimming test, which evaluates depressive behavior (Porsolt et al. 2001 ), a cylinder (15-cm-diameter and 25-cm-high) filled with water (25 ± 1°C) to a height of 15 cm was used. Each mouse was exposed to swim stress for 2 min, which was based on the previous study (Lafourcade et al. 2011) , and was monitored from the side by a video camera. The time spent immobile was measured. A mouse was considered to be immobile when it made only minimal movements to keep head above water.
Fatty acid analysis of brain lipid fractions
Fatty acid analysis was performed according to the method (Sakayori et al. 2016) . One day after behavioral analyses, the offspring maintained under free-feeding condition were deeply anesthetized. The brains were dissected from the surrounding tissue, total lipids were extracted from the flash-frozen brains using chloroform and methanol extraction, and fatty acid residues in the total lipids were subsequently analyzed. An internal standard (pentadecanoic acid) was added to each sample, and each sample was incubated in methanolic HCl at 50°C for 3 hours to induce the transmethylation of fatty acid residues. Capillary gas-liquid chromatography with n-hexane was performed to extract the fatty acid methyl esters. The analytical conditions were as follows: the gas chromatograph was an Agilent 6890 (Agilent Technologies, Santa Clara, CA); the column was an SP-2330 (30 m × 0.32 mm × 0.2 μm; Supelco, Bellefonte, PA); the carrier was He (at 30 cm/sec); and the initial column temperature was 180°C for 2 min, after which column temperature increased to 220°C at a rate of 2°C/min. 
Statistical analysis
Two-way factorial analysis of variance (ANOVA) (except for Fig. 2B ) or three-way ANOVA (time as repeated measure) (for Fig.  2B ) was performed. Post hoc Bonferroni method was used to compare each group when a statistically significant difference was observed in the interaction between the dietary eff ect and the sexual eff ect in two-way factorial ANOVA. All data are expressed as the mean ± SEM. In the behavioral analyses, 11 or 12 male off spring in the control group or the LA ex /ALA def group, respectively, and 11 female off spring in both control and LA ex /ALA def groups were used.
Results
Maternal dietary imbalance of PUFAs does not aff ect offspring's food intake or body weight
Before examination of off spring's behavior, we analyzed food intake and body weight of the off spring, and found that maternal diet aff ected neither of the factors (Fig.  1A, B) , although body weight of the male off spring was heavier than that of the female (Fig. 1B) . We have also confi rmed that both food intake and body weight of the mother mice were unaff ected by the same diet as shown in our previous study (Sakayori et al. 2016) . These data indicate that maternal LA:ALA imbalance does not cause notable hypoplasia or obesity in their off spring. 
Maternal dietary imbalance of PUFAs increases offspring's anxiety-related behavior with a sex-dependent manner
We next examined locomotor activity of these offspring in the open field test (Fig. 2) and in the elevated plus maze test (Fig. 3) . In the open field test, the offspring showed similar distance traveled regardless of maternal diet or their sex ( Fig. 2A) . Distance traveled during first or last 5 min was also unaffected (Fig. 2B) . These data suggest that maternal consumption of the LA ex /ALA def diet did not affect locomotor activity in their offspring in this analysis. However, the female offspring born to dams fed the LA ex / ALA def diet had increased distance traveled than those born to dams fed the control diet in the elevated plus maze test (Fig. 3A) . These data imply that maternal consumption of the LA ex /ALA def diet may induce hyperactivity in the female offspring depending on the behavioral test.
We next evaluated anxiety-related behavior using the open field test. Regarding time spent in the center zone, the offspring born to dams fed the LA ex /ALA def diet spent less time in the center zone compared to those born to dams fed the control diet, regardless of their sex (Fig. 2C) . On the contrary, the female offspring born to dams fed the control diet had fewer entries into the center zone than the male offspring born to dams fed the control diet, and the male offspring born to dams fed the LA ex /ALA def diet also had fewer entries into the center zone than the male offspring born to dams fed the control diet (Fig. 2D) . Thus, there is a sex difference in the vulnerability for the effect of maternal LA:ALA imbalance on offspring's anxiety-related behavior when evaluated by the open field test; both male and female offspring exposed to the LA ex /ALA def diet show less time spent in the center zone compared to those exposed to the control diet, but the male offspring exposed to the LA ex / ALA def diet also show fewer entries into the center zone than those exposed to the control diet.
Based on the above findings, we further evaluated anxiety-related behavior using a different behavioral paradigm, i.e., the elevated plus maze test. In this case, both male and female offspring born to dams fed the LA ex / ALA def diet spent less time in the open arms and more time in the closed arms compared to those born to dams fed the control diet (Fig. 3B, C) . These data indicate that increased anxiety-related behavior in the offspring caused by maternal consumption of the LA ex /ALA def diet is observed regardless of their sex when evaluated by the elevated plus maze test.
As another text for emotional behavior, the Porsolt forced swimming test was performed to evaluate depression. There was no difference in the time spent immobile regardless of maternal diet or their sex (Fig. 4) . Thus, mice exposed to the LA ex /ALA def condition during brain development do not exhibit abnormal depressive behavior.
Maternal dietary imbalance of PUFAs does not cause n-6:n-3 imbalance in the adult offspring's brain
How did maternal consumption of the LA ex /ALA def diet affect emotion of their offspring? Dietary LA and ALA are metabolized and detected as arachidonic acid (ARA, 20:4n-6) and docosahexaenoic acid (DHA, 22:6n-3), respectively, in the brain (Sastry 1985) . We have previously shown that maternal intake of the LA ex /ALA def diet increased the level of ARA and decreased that of DHA in the embryonic and postnatal offspring's brains (Sakayori et al. 2016) . Importantly, the ratio of n-6 to n-3 PUFAs in the adult brain shows positive correlation with fear memory (Yamada et al. 2014) . Based on these reports, it is possible that n-6:n-3 imbalance in the developing brain persisted into the adult brain, which consequently affected anxiety. Here, we examined the level of fatty acids in the adult brain of the offspring using capillary gas-liquid chromatog- raphy. Interestingly, no significant difference, especially in the levels of ARA and DHA and in the ratio of n-6 to n-3 PUFAs, was detectable in the adult brain regardless of maternal diet or their sex (Table 2) . Two-way factorial ANOVA indicated only slight differences (less than 1%) in the levels of stearic acid (18:0) and vaccenic acid (18:1n-7) between males and females, in the level of total n-6 PUFAs between the offspring born to dams fed the control diet or the LA ex /ALA def diet, and in the level of oleic acid (18:1n-9) between the female offspring born to dams fed the control diet and the female offspring born to dams fed the LA ex / ALA def diet. Thus, it may be possible that increased anxiety-related behavior with sex difference is due to developmental effects of n-6:n-3 imbalance rather than the fatty acid profile in the adult brain. These results support the notion that LA:ALA imbalance during brain development rather than that in the adult brain is a cause for enhanced anxiety.
Discussion
We, in the present study, analyzed the sex difference in the effect of maternal LA:ALA imbalance on the anxietyrelated behavior of the offspring. Interaction between maternal diet and their sex was detected in the number of entries to the center zone in the open field test (Fig. 2D) . Especially, the female offspring exposed to the control diet show fewer entries into the center zone than the male offspring exposed to the control diet. Due to this behavioral difference between the sexes, the impact of maternal LA:ALA imbalance on the number of entry into the center zone might be ineffective in the female offspring. Thus, these data show that maternal LA:ALA imbalance affects emotional development differently between offspring's sex depending on the behavioral context. A previous report suggested a higher risk of depression in females (Kessler et al. 1993) . Our findings, however, consider it unlikely to be caused by maternal LA:ALA imbalance. The present study still emphasizes the importance to analyze the impact of a diet on emotional development by taking sex difference into account.
Sex difference of anxiety-related behavior in the open field test might be confounded by stress-vulnerability. The fact that the C57BL/6N female mice show fewer entries into the center zone than the C57BL/6N male mice in our study (Fig. 2D) seems to be inconsistent with a previous report, which has shown that C57BL/6J female mice have a similar anxiety level in the open field test as C57BL/6J male mice . One of the obvious differences between our study and their study is brightness of the floor in the open field test; in our study it was at intensity of 1,160 lx, but 400 lx in their study. It is thus possible that female mice might be more vulnerable for light stress than male mice, consequently showing increased anxiety-related behavior compared to male mice in our study. To investigate this hypothesis, it is necessary to evaluate sex difference in vulnerability for light stress using C57BL/6N mice in the open field test with several brightness of the floor.
Anxiety induced by maternal LA:ALA imbalance might also be affected differently by the age, which should be taken into consideration in the behavioral analyses. Several researchers (Nakashima et al. 1993; Frances et al. 1995; Carrie et al. 2000) fed mother mice a LA ex /ALA def diet before mating through gestation and lactation. After weaning, they fed the offspring the same diet as their dams fed, and performed the elevated plus maze test. In this paradigm, increased anxiety-related behavior was not detected at 6-8 weeks of age (Nakashima et al. 1993; Frances et al. 1995) , but observed at 4-5 months of age (Carrie et al. 2000) . These reports suggest that enhanced anxiety following maternal LA:ALA imbalance become obvious in adulthood but not fully appeared during the young stages. We thus performed the behavioral analyses using the offspring at 13-15 weeks of age.
When is the abnormal depressive behavior established Fatty acid composition in the adult brain. Fatty acids with more than 1% in the brain are shown. n = 3 brains per each group. *p < 0.05 by the post hoc Bonferroni method. Levels of fatty acids are expressed as the percentage of total lipids. Ratio of n-6 to n-3 means the ratio of total n-6 PUFAs to total n-3 PUFAs. The systematic name of each fatty acid is palmitic acid (16:0), stearic acid (18:0), vaccenic acid (18:1n-7), oleic acid (18:1n-9), eicosenoic acid (20:1n-9), nervonic acid (24:1n-9), arachidonic acid (20:4n-6), adrenic acid (22:4n-6), or docosahexaenoic acid (22:6n-3).
after maternal exposure to LA:ALA imbalance? A previous report has shown that maternal consumption of a peanut oil-containing diet (rich in LA but poor in ALA) from fertilization through postnatal day 21 (P21) increased the time spent immobile in the Porsolt forced swimming test measured for 2 minutes (Lafourcade et al. 2011) . In the present study, we exposed the LA ex /ALA def diet from fertilization through P10, and performed the same forced swimming test in the same condition (Fig. 4) . Taken these studies together, it may be possible that the onset of depression following maternal consumption of the LA ex /ALA def diet is determined during the lactation period, especially from P11 through P21. Importance of maternal nutritional state in the lactation period is also noticed in a recent report using mice; feeding dams a high fat diet during the lactation period inhibits the neuronal projection of several hypothalamic areas in offspring (Vogt et al. 2014) . Detailed studies are further required to understand critical developmental events during the lactation period that cause depression.
High comorbidity rates of depressive disorders are noticed in patients with anxiety disorders (Lamers et al. 2011) . Our study shows increased anxiety-related behavior without abnormal depressive behavior in mice. This could give important insights on the critical period for mental illness; maternal LA:ALA imbalance during the prenatal and early postnatal stages may cause anxiety-related behavior in the offspring, while depression may be induced by maternal PUFA imbalance at later stages. In other words, increased anxiety caused by maternal LA:ALA imbalance may be developmentally independent with the onset of depression. However, if maternal PUFA imbalance continues, the offspring may suffer from both anxiety and depression. It is of note that massive neurogenesis continues to the early postnatal stage in certain brain regions including the hippocampus (Sugiyama et al. 2013) . Decreased neurogenesis in the hippocampus is considered to relate with mood disorders (Eisch and Petrik 2012) . Further studies are necessary to reveal responsible brain regions and molecular/cellular mechanisms of the onset of mental illness caused by maternal malnutrition.
Maternal LA:ALA imbalance also induced hyperlocomotion in female offspring mice (Fig. 3A) . This result is interesting in regard with a common neurodevelopmental disorder, i.e., attention deficit hyperactivity disorder (ADHD). Consistent with our data, hyperactivity in mice and rats induced by consumption of n-3 PUFA-deficient diets are repeatedly reported (reviewed by Fedorova and Salem 2006) . Spontaneously hypertensive rats are considered to be an animal model for ADHD (Sagvolden and Sergeant 1998 ), and exhibit a decreased level of DHA in the brain (Wei et al. 1987) . So far, the relationship between LA:ALA imbalance during brain development and the onset of ADHD is not well focused. It will be interesting to more precisely evaluate effects of PUFAs on various behavioral paradigms for ADHD as well as for anxiety disorders.
